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AN ANALYSIS OF THE STABILITY AND ULTIMATE COMJ?RESSIW3 STRENGTH OF SHORT
SHEET-STRINGER PANELS WITH SPECIAL REFERENCE TO THE INFLUENCE

OF THE RIVIYN3D CONNECTION BETWEEN SHEET AND STRINGER ‘

By JOSEPHV. SBUONIANand JAMESP. PETERSON

SUMMARY

A method oj strength anulymk of 8hort 8heet-sfinger pa?w?.e
subjected to compremion i8 presented which tukeainto account
the efect thui the ritwted ah’achm@ between the plmte and
the stiffeners huve on th 8trength of pane18. An anu.ly8isOf
experiment data 8hows i%atpan-d 8trength is hi@y iq%u.enced
by rivet pitch, diameter, and location and that the @ee of
injihencejor a given rivdiq depend8on thepanet conjigurati.on
and panel maten”al.

INTRODUCTION

Rivets have been used extensively for attaching the cover
skin to the stringers and webs of aircraft wings. These
rivets have been designed, to a large extent, by rule-of-
thumb methods; yet, extensive experimental work of which
reference 1 is representative has shown that the compressive
strength of stiffened panels is greatly influenced by varia-
tions in diameter and pitch of the rivets. References 2 to 4,
in which the mode of instability of plates in compression
known as wrhkling or forced crippling has been analyzed,
show that the panel strength is influenced also by the locati&
(rivet offset) as well M the pitch and diameter of the rivets.
This mode of instabfity results horn the existence of a
flexible attachment between the plink and its supporting
members and has occurred more frequently as the compres-
sion skins have become heavier and the supporting memb-era
lighter.

The purpose of the present report is to evaluate the
strength of short compression panels and in partic@ar to
determine the iniluence of the riveting used to fasten the
stringers to the plate on the strength of the panel. - Figure’1
shows the variation in panel strength with rivet pitch and
names the various modes of failure involved. Only rivet
pitch is considered to be varied in figure 1 but variations in
strength could be obtained also by varying the rivet diameter
or the rivet offset. When the rivet pitch is small, the panel
of figure 1 fails in the 10C.SJmode; for larger pitches, it may
fail in either the wrinkling or the interrivet mode. Failures
in the interrivet mode are not usually permitted in contem-
porary design; whereas, failures in the wrinkhng mode are
common. The problem of evaluating the effects of riveting
on tho strength of panels becomti, therefore, primarily a
study of the wrinkling mode of failur& The local-mode section

of the curve of figure 1 is shown as a horizontal line. It is
recognized that thexe may be some gain in stiength with a
favorable change in riveting after the riveting (pitch in
fig. 1) is such that the local mode is obtained. The available
teat data indicate that the gain in strength is small and it is
neglected in the analysis presented herein.

A study of the wrinkhng mode is made with the use of the
procedures established in references 3 and 4 in comection
with the calculation of the strength of multkveb beams in
bending. These procedures make use of a new structural
parameter termed the “effective rivet offset” which plays an
important role in deterrmmn“ “ g the strength of riveted struc-
tures such as eompres.sion panels and multiweb beams and
makes possible relatively simple structural analysis. The
tiective rivet offset is evaluated by using a relatively
rigorous analysis of the initial instability of compression
panels supplemented by experimental data and’is applicable
to the anlaysis of,mult$veb beams as well as panek. A semi-
emp~~ maximum-stiength “’analysis of paneki which
utilizes the tiective-rivet-offset concept is made and com-
pared with a large number of test iwults toahow the accurwy
and generality of the analysis. The analysis is exemplified
in the appendix.

SYMBOLS
L

.-

b* width of attachmtit flimge of s%ener (see fi~.
2), in.

. ., .; . , . .

b~ width of outstanding flange of-s~ner (see fig.
.,.

2), in. ,T,,,f,e’-

b~ -“ width of top of hat for hat-section-stiffeners; in.
b* geometric rivet, offset “(see *’. .2), ‘in.
bs HWener s@adiig (see fig. 2), @. ..’.
b;- - depth of web of stiilener (sW fig.” 2), in. J

rivet diameter, in. ,’.i . , ,..: -

; effective rivet offset (see fig. 5), in. - “ “
k buckling-stress coefbient
k: failing-straw coefliciant

P rivet pitch, in. ~,

pa allowable rivet pitch, in.
TA radius of bend between attachnmnt flange and

web of stiilener (see fig. 2), in.
ts plate thicknew (see fig. 2), in. -
try stithner thiolmess (see fig. 2), in.

1Sup?mdesNAOATedmlcnlNOWW byJmph W. S%monIanandkm= P. Potit%n,19S6.
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FIGmm l.—The influenca of rivet pitch on the strength of a short shee&stringer panel showing the three predominant modes of failure.

cross-sectional area of Z-section stillener, in.z
plate flexural stiilnes-s per unit width,

E&3/12 (1–P9, iIL-kipS
flexural stiffness per unit width of web,

E&73/12(1–P?, iIL-kipS
Young’s modulus, ksi
secant modulus, ksi
tangent moduhs, ksi
Young’s modulus of plate material, ksi
Young’s modulus of stiffener material, ksi
rivet tensile strength, kips
required rivet tensile strength, kips
rotational stiffness per unit length (see iig~ 5),

liips

6 lateral deflection of plate, in.

q plastici~ factor

o=&-&4E+l
A buckle length, in.

P Poisson’s ratio
uc~ buckling StK!S9,ksi
;f average stres9 in panel at faih.re, ksi

Uf~flp average stress in panel at failure in local mode,
ksi

u~ failing stress of plate, ksi

U%lip crippling.strength of Z-section stiffener, ksi

‘=&&=

* reflectional stifhwse per unit length, ksi

The designation for the various aluminum alloys has re-
cently been changed. The old designation and the corre-
sponding new designation for the aluminum alloys mentioned
in thie report are as follows:

k
Olddeie NeWt~W.

24S-T3 mx-’m
769-TS 7075-T6

A~lW# ;:lg’

STRUGIWRAL ANALYSIS

A panel typical of those analyzed is shown in figure 2,
The panel is considered to be short enough so that the column
bending mode can be neglected yet long enough so that
various local modes can form freely without end effects. The
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--H-
FIwmm 2.—A sheekstringer paneL

panel is considered to be wide with many equally spaced
stringers but the results of the amdysis can be applied to
panels with M few as four stringers without appreciable
error.

The analysis is presented in four sections. The &st section
develops an initial-instability analysis which together with
available experimental data is used in the second section to
establish the effective rivet offset as a function of appropriate
panel parameters. The values of effective rivet offset thus
cs+tablished are used in the third section to formulate a semi-
empirical maximum-strength analysis. Finally, the fourth
section is devoted to developing criteria which limit the pitch
and diameter of rivets required to achieve the predicted
strength of panels.

lNITIALlNSTABKLITYOFPAN=

The panel shown in figure 2 usually will buckle into either
tho local mode which has been analyzed in reference 5 or the
wrinkling mode which will be analyzed herein. Another
mode termed the “tmeionrd cum local” mode was analyzed
in referenco 6. This mode may become the predominant
mode when the width of the outstanding flange of the stif-
fener becomes small (say &<o.4&) so the flange does not
have enough stiffness to prevent the line of intersection be-
twem the flange and the web of the stiffener from translating
when the prmel buckles

The wrinkling mode of instabili~ can be analyzed by
considering the plate to be supported by elastic springs with
a doflectional stitlneas per unit length of panel ~ as indicated
in figure 3. A cross section of the plate through an up-

Fmmm 3.—Idealized structure used in analysis of sheetAringer
paneL

lhqurm 4—Cross seutionof idealized atrmture at the orest of a buokle.

buckle is shown in @ure 4.- The stability criterion for the
plate is given in reference 3 as

(1)

1—COS +—l—cosh 0

This expression has been solved and values of k= are plotted
against VAM9 of X/& for various values of the parameter
#b~’/z4D~in figure 7 of reference 3.

The reflectional stiffness provided by a stringer of the
“same material as the plate is given by reference 4 m

(2)

where the rotational stiffmxs a is a function of the web stress
and the buckle lengfi and can be taken from reference 7
whkh uses the symbol 4W to detie this stifliws. The
assumptions implied in the use of the above fomnulas have
been given in reference 4 but are reviewed here for com-
pleteness of the pre9ent report.

Besides the restrictions on lengtl+ and width of panel as
discussed earlier, the implied assumptions are: (1) Deflec-
tions are small, (2) the structure is elastic, and (3) the stringer
stiffnw cm be obtained from the idealization shown in
figure 5. This idealization is bwmd on the assumptions:
(a) The eflective rivet offset can be defined as the distance
from the web of the stringer to a longitudinal line along
which the rivets effectively clamp the attachment flange to
the plate, (b) the longitudinal bending stiffness of the attach-
ment flange can be neglected, and (c) the web can be assumed
to be simply supported at the bottom. This last assumption
will be good for webs of normal proportion as long as the
width of the outstanding leg of the Z is about 0.4bW. At
much larger values, it can become the unstable element and
thereby initiab buckling; at much smaller values, it will not
have enough depthwiee stiffness to provide simple support
to the web. For webs with small width thickn- ratios a
flange width greater than 0.4bWis required to support the
web against translation. For such c.mes the criterion of
reference 8 should be used tQ design the outstanding flange.



116. REPORT 1255-NAT!IoN.& ADVISORY COMMITT’EE FOR AERONAUTICS ,

..
0 =.

-r. a.J7
y%

,. ’.’ .
—!

%
,,

‘.

———— ..—

, ,? ... , .. ..-. .
‘.J .’ {a) hack on stringer. ” “~) Idked at&ger. (c) Distortion of idealized stringer.

l?rmmn S.—Loads and deformaticina used inkhe calculation of the reflectional etiffnem of short Z%ection, stringers.
,. ,..

Equations (1) and .(2) have been solved and the results
are given in figure 6. The bu+diqg coaflicient k., is plotted
against the parameter ~for.various &hm9 of the parameter
$/6m. The buckling coe.fhient is Mated to the buckling
stress by the relatim =.

.

(3)

A valuu, of the plasticity factm ~ that h% been found to give
<po,~-”mpelation -be~eeri-test and cskxdation is
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T@ value, of q is the ,vaIue given hy Stmvell (ref. 9) for long
simply supported flat plates in compression.
‘T&&budding curves fiorn ref~ence 6 for 6F/bW=0.4rmcl

~[&=O.63 and 1.00 have been plotted in figure 6 for com-
parisori “titli the wrinkI@g curves.

It wiU be noted that the buckling coefficient k. for the
wrinkhng mode is determined by the two parameters j/blv
and 19 even though these parameters me not su.flicient to
determine the panel co@guration. The local-buckling
ctives, for instance, require the a&litional parameter t,v/&

to’fixtheir location on the plot of k= against f?. This phe-
nomenon was pointed out in reference 4 in connection with
the ‘&dc~a”tion of wridding coefficients for multiweb beama’
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rmd can be verified wrperimentally for panels by using data
from reference 10. For example, figure 7 shows thefailing
stress for panels on which all structural parameters were
held constant mcept t#g and it win be seen that the failing
stress is independent of tw/&withinthe accuracy of the teal%.
The. fact that the data me maximum-strength data rather
than buckling data does -not appreciably. affect. the argu-.
rnent because the panels are of such proportions that the
failing load is at most n few percent greater than the buckling
load and b therefore closely related to the budding load.
The phrticuhk values of rivet pitch used in figure 7 were
chosen becwtie, after a preliminary study of the data, they
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(b) Rivet pito~ 1%2 in.

Frmnm 7.—Compariaon of average stress at max&m load for
‘ panels of reference 10 for three valuea of tw/ts. bw/tm= 20;

l)~t8=25;bO/tV=5.6;tw=O.064in..

were felt to be large enough so that the panels did not “fail
in the local mode and small enough Sqjthat the panels did
not fail in the i.nterrivet mode. (See fig. 1.) Other values-
of rivet pitch and tw/& given in reference 10 further sub-
stantiate the insensitivenew of the miinkhng strw to changes
in t~/t&

!.
EXPEIiIMENTAL DETERMINATION OFf .; ‘

The analysis developed in the preceding section gives the
wriaklipg stress of a pamil provided the dimeneionj is known.
Conversely, if the wrinkling stms of a panel is known, @e

value of f ean be determined. The existing panel data,
however, are not veryegitable for. determiningg the dimension
f for three main reasons (1) The rivet offset b. w-asusually
not varied or even controlled because its iniluence on panel
strimgth has only recently been understood; (2) the buckling
stress was often never published orprhaps even measured
becaus~ the interest was mainly directed towxwd-findingthe
maximum strength of panels; and (3) the casw, in which the
payola did wrinkle and the’ buckling load was recorded often
@-olved fdnre at such high stmxwes that “the effects of
plasticity must be known: to a hig$ degree of accuracy in
order to de@mine f. Inorder to alleviate @is situation, q
sties of 707&T6 (pre~ou@ly designated as 75S-T6) alum.
inure-alloy panels, on tihich the ri~et pitch, diameter, and
bf%et as well as the radius’ of bend ~etween the attachment
flange and: @e web of the stiflener were systematically
varied, w-efq built and tested. The ,results of these teds are
reported in table I. ThesO data, and all other available data
tvhich were believed to be applicable, were plotted and cross-
plotted until a best fit to tha data w-as obtahed. The result
is shown in figure 8 wh6re the distancej is given in terms of
the rivet offset b. and the pitch and diameter of the rivets.
It will be noted that the radius of bend between the attach-
ment flange and the web of the strihger as well as the type
of rivets does not appew on this plot. Furthermore, the
other dimensions appear ody in very simple form. In spite
of; this siniplicity, it @ believed that figure 8 has rather
gemmil applicability. Foi instance, figure 8 can evidently
be applied to panels with various types of rivets although
mosb of the dab-used to -estiblish the fignre-wer~obtained
from; twt.s pn pfiels, on w&ch NAC!A conntere”~’ rivets
were used. The cm.mterswik heat. of this type of rivet is
fo~ed fiorn the +vet shank by driying the rivet and, the
mcew material is-then milled off flush.’ Figure 2 of reference
11 gives a comparison of fading loads for panels assembled’
with NACA rive@ “and similar panda rxembled with fl&t-
h@ iivets with the m’imufacturer’s hew on the plate side.
The cbmp~on .&owe little or no effect of type of rivet on
the s@ngth of panels which obviously failed by wrinkhng.
A few avidable tests from panels and-multiweb beams whi&-
were assembled with’ nniveraal-head or flakhead rivets on
the i+ffener side and a shop-driven head on the plate side’
further indicate ,that the yror in using figure 8 for other
types of rivets is small. -

The data need to e&ablish the chart of figure 8 were ~o%
tied from twts on panels assembled with rivets whose
ditietef wti at least * great as 90 percent of the plate
thieknesa (o?/tg>O.90) and the chart should not be used for’
much smaller value9 of rivet diameter ‘without confirmation. -

Figure 8 is applicable to multiweb beams as well as panels
and can be used in the application of the formulas and design
charts of referenee 4 to the analysis of the bending strength
of mnltiweb beams.

FAILUREOFPANEZS

The failure of short compremion panels usually results
from a growth of either local or wrhkling type of buckles.
Le9s frequently, failure may result &m rivet failure or
growth of an interrivet type of buckle. The first two typw of
failures will be discussed in this section and the last two types
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TABLE I

TEST “DATA AND PROPORTIONS OF 7076-T6 ALUMINUM-ALLOY PANELS

[%0.401
tw, in. tw/ta Llp bB/t8 bw+w bo/tw rA/f W d, in.

(8) b)
p/d Cer, ksi 3/, ksi

O.0660 0.640 20 246 I& 7 5.2 % 14.0 46.2 46.2
.0663 20 24.5 M 5 5.0 M

: E! 2
a 9.3 49.6 62.0

.0668 20 24.8 19.2 6.2 3.0 9.3 480 ‘EL6

.0663 .630 20 24.3 19.4 7.2 3.0 %: 41.0 44.3

.0658 .640 20 248 19.6 R6 3.0 ?$2 ,:: 32: 41.2

.0666 .646 20 247 18.2 5.0 3.0 66.0

.0660 : I& 20 24.2 19.2 6.1 3.0 2 n 61.3 63.0

.0666 20 242 19.2 7.1 3.0 ?4 7.0 45.4 4a 1

.0662 .633 20 24.4 19.4 3.0 % 7.0 42.1 46,3

.0664 .641 20 24.6 la 3 H 3.0

!

2 6.6 56.4 66.2
.0664 .630 20 24.2 19.4 6.2 2 6.6 63.2 64.6
.0660 .638 20 X6 19.5 7.4 . N 2 6.6 49.2 61.0
.0664 .633 20 243 19.2 2 ’44 ; 47.6
.0663 .634 20 244 19.0 H :: n 69.2
.0666 .636 20 244 19.2 3.0 5: 4.7 66.2 67.0
.0666 .636 20 w’ 19.3 H 3.0 % 4.7 60.3 ;; ;
.0662 .631 20 24.4 19.4 3.0 %6 4.7 46.8
.0647 .620 20 .245 l&2 R 62:8

k:

I

2 6.6 60.7
.0663 .640 .246 19.3 6.6 “ 63.1 64.6

;:
2

.0665 .639 246 19.3 H 5.0 2 6.6 49.6 62.0

.0667 .635 20 %7 19.6 f16 6.0 1 5.6 49.7 61.3

. ;66; .641 20 246 19.0 6.0
:: E

1 6.6 60.5 62. b
.610 20 242 18.6 1.0 6.6 69.7 62.0

.0660 .625 20 24.6 la 3 6.6 1.0 %: 5.6 66.0 66.3

.0643 .610 20 24.2 la 5 1.0 5.6 62.6 64,2

.0643 .616 20 244 la 4 R 1.0 z 6.6 ‘K 4 40.8

.0627 39.6 19.0 41
: L? :: i:

[

2 6.6 27.6 464
.0658 39.6 19.6 5.3 9 26.6 44.9
.0669 .633 39.2 19.6 4.0 2: 24! 2 42.7
.0648 .627 % 39.5 19.8 M 6.0 $: 5.6 43.7
.0658 .630 30 39.0 19.3 83 6.0 5.6 2; 41.2
.0660 .636 30 39.3 19.4 %2 6.0 %2 5.6 26.6 89.2

sStingers with r.&= 1“.0were extrudecL .411othem were formed-
bAll rivets mew 2117–T3 tlat-hmd rivets. with NACA countersink on the plate side.

%s-~ch--tir nveta was 0.040, 0.050, 0.060, 0.070, and 0.080, req.mtively.
The depth of countersink for the Ms-, %z-, %-, %~, and

w-ill be considered in the next section where rivet criteria
are developed that can be used to prevent such failures.

Failure in the “ ‘ ‘“ g mode.—Panels which buckle
initially in the wrhdding mode usually fail in a similar mode.
The plate cmdiguration at failure, however, is simpler than
the initial buckling configuration because, as the initial buckles
grow with an increase in applied load, the plate buckle shape
becomes more and more cylindrical until at failure it may be
-assumed to be cylindrical and the plate may be treated as
a column on an elastic foundation. The plate in the column
mode appears much like the well-lmown interrivet mode
except the length of buckle is greater than the rivet pitch;
The stringer, however, has a very diflerent configuration.
In the intwrivet mode the stringar cross section may remain
ementially undistorted while the plate and stringer separate.
In the winkling mode of failure the attachment flange of the
stringer follows the plate contour and cans= the other plate
elements of the s~er to distort skw. The similarity
between the appearances of the wrinMng mode and the
interrivet mode has caused investigators to make strength
calculations with interrivet+pe formulas on panels which
failed in the winkling mode. (See, for instance, ref. 12.)
The panels of this reference evidently failed in the wridding
mode and the strength of the panels can be calculated by the
methods developed herein.

The stability criterion for the plate in the wrinkhg mode
of failure is given as (see ref. 13)

The support stiffness was determined by
best correlation between panel strength

(6)

trialto give tho
and calculated

strength. It was found th~t the suppo~t stifhss could be
taken as

(6)

This equation is identical ti equation (2) except the rotational

stiffness a ~ hsa been replaced by a constant value of 3.
Dw

In the trial calculations used to determine the support stifl-

ness, other values of a ~ were tried, including the appmmt
Dw

value as given by equation (2), but the value u D+V=3 was

considered to give the best agreement between c~culatod
strength and panel strength over a wide range of panel pro-
portions. It gave particularly superior correlation compared
with the apparent value when the webs of the stiffeners wem
relatively unstable because the apparent value (eq. (2)) gave
the restraint at the onset of buckling of the webs and not the
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bw
restraint offered the skin at panel failure. The value a —=3Dm
was also used in reference 4 to calculate the strength of muM-
web beams in bending.

With the- simplification implied by equation (6), that the
support stiflness is independent of the buckle length, equa-
tion (5) can be simplified to read

(7)

after k~ is minimized with respect to buckle length.
Equations (6) and (7) have been solved and the results are

present ed in figure 9 which gives the maximum stress that
the plate can carry in the wrinkhng mode. At this stress,
the lateral deflections of the plate, and therefore the lateral
forces on the stringem, become large and destroy the capa-
city of the stringers to carry additional load except for un-
usual panel proportions.

Experience in testing panels and multiweb beams indi-
cates that a plate in the wrinkhng mode suffers a relatively
moderate redistribution of stress after initial buckling. The
load-shortening curve for a plate in the wrinkhng mode,
therefore, nearly coincides with the stress-strain curve of the
plate material until just prior to plate failure. The stringer
on a panel which haa buckled in the wrhkling mode appears

.X3 GS7G-G7-O

very much like a stringer on a panel which has buckled in
the local mode and evidently suffers much the same redis-
tribution of stress and loss of axial stitlness. In order to
calculate the strength of a panel, it is necessary to know the
load carried by the stringers at panel failure. (The plate
load is given by fig. 9.) The load carried by the stringers
depends on the proportions of the panel. If the stringers are
relatively sturdy @<1), they will be stressed the same as
the plate. If the stringers are unstable @> 1), the stringers
will not be loaded as heavily as the plate. An approxima-
tion which gives predictions which are slightly high when the
stringers are unstable but which gives satisfactory results
over the entire practical range of panel proportions is that
the stringers take the same stress as the plate as long as
that stress is not greater than the stringer crippling stms.s,
in which case the stringe~ take their crippling stress. In
addition, the calculated load carried by the panel must
always be greater than the crippling load of the stringers
tested without being fastened to the plate. This criterion
takes care of the case when the area of the stringers is large
compared with the area of the plate and the attachment
between the plate and the stringer is so flexible that wrinkling
occurs at a load less than the crippling load of the stringers.
For this case, the lateral force9 on the stringem are com-
paratively small and do not afTect the strength of the
stringers. Furthermore, at the shortening necessary for the
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stringers to achieve their crippling stress, the load being
carried by the plate has fallen to a negligible quantity and it
may be assumed that the entire load is being carried by
the stringers.

The value of the plasticity factor q to be used with figure
9 is given by equation (4). The use of a plasticity factor
which is a function only of the stress-strain curve of the
plate material and is applied to the average stress in the
plate at failure may seem to be rather arbitrary for panels
on which the proportions are such that the panels buckle at
loads that are considerably less than the loads that the
paneIs ultimately carry. Panels which buckle in the local
mode, for instance, experience a severe redistribution of
stress as the panel is loaded beyond the buckling load. The
factor may not be too arbitrary for panels which fail in the
wrinkhng mode, however, because a plate in the wrhkling
mode of failure is under relatively uniform stress across the
width of the plate; that is, the stress is not peaked at the
stringem as for a plate which has buckled in the lodal mode.
The correlation between t-t and calculation obtained by
usiug the plasticity factor given by equation (4) will be given

later and indicates that the factor is satisfactory oven for
panels with a large post-buckling strength.

When figure 9 is used to calculate the strength of a panel,
the strength in the local mode as well as the strength in tlm
minkling mode should be calculated and the load the pnnel
can be expected to carry will be the lower of the two loads.
The strength of panels in the local mode will be discussed in
the next section.

Failure in the local mode,—Panels which buckle initially
in the local mode may fail as a result of the growth of tho
local buckles. (See fig. 1.) A few panels havo been ob-
served to buckle in the local mode and to switch from local
buckling to minkling at a higher stress level and eventually
fail in the miukling mode. The data from such panels
evidently would plot near the value of rivet pitch in figure
1 where the local mode ends and the wrinkling mode starts.

A study of the available data on compression panels on
which the pitch and diameter of the attachment riveta wero
varied indicatea that the gain in strength corresponding to
a decrease in pitch or an increase in diameter of the rivets
after the local buckling range has been reached is small.
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Consequently, for riveted panels there is a panel strength
which is relatively independent of changes in riveting that
corresponds to failure of the panel in the local mode. This
characteristic has been recognized for a long time (see, for
inst ante, ref. 11) and is responsible for the numerous investi-
gations in the past on “strongly riveted panels” (the investi-
gation of ref. 5, for instance). When these investigations
were applied to the design of panels, however, the riveting
roquircd to make the panel behave as a strongly riveiwd
panel was not known and rather severe rivet criteria had to
be used. (Seo criterion of ref. 14.) The present analysis
rdlovird es this difficulty by relating the strength of panels
to the pitch, diameter, and offset of the attachment rivets.

Reference 5 shows that the ultimate strength of panels
which buckle locally at high stresses is closely related to the
buckling load and can be calculated by the buckling charts

of that reference. The particular curves for a value of #

of 0,4 and values of ~ of 0.63 and 1.00 are reproduced in

figure & Reference 15 gives a method of predicting the
strength of a panel in the local mode provided the stiength
of a nominally identicd panel of another material is lmown.
With the help of these references and the test data of refer-
ences 1, 10, and 16 to 20, the strength of some panels which
fail in the local mode was estimated and is given in figure
10. In the construction of @e 10, the method of reference
5 determined the indicated strength of the panels when the
failing stress is high (usually panels with valuea of B of about
unity and with small values of b$/tsand &/i!w). These par-
ticular panels require the most severe riveting criteria in
order to force the panel to fail in the local mode and con-
sequently their strengths are the most diflicnlt to obtain
osperimentally. The available experimental data, supple-
mcmted by the procedure of reference 15, sufhed to deter-
mine the strengths of the other panels considered.

RIVETCRITERIA

Tlm maximum-strength analysis of compression panels
given in the preceding section requires certain limitations
on tho pitch and strength of rivets in order that the panel
will carry the predicted load. The rivets must be spaced
closely enough and have adequate strength to make the
stringer flange follow the plate contour. If the spacing is
too large, the panel may fail by interrivet buckling. If the
strength is insticient, the panel may fail prematurely
becnnm of rivet failure.

Rivet pitoh.—An esprewion for buckle length which is
consistent with the maximum-strength formulas (6) and
(7) is —

(8)

Tho allowable rivet pitch which must not be exceeded in
order that the stringer flange follow the plate contour can
logically be related to the buckle length as given by equation
(8). It was found by trial that, if the rivet pitch was less
than 90 percent of the calculated buckle length, wrinkling
would occur rather than interrivet buckling. Hence, the
rivet pitch must satisfy the criterion

—

(9)

Rivet strength,-The lateral force required to ~old the
compressed plate in its deflected position is proportional to
the support stiffness and the lateral deflection of the plate.
The force on a rivet near the crest of a buckle may be
expressed approximately as

R=#6p (lo)

where 13is the lateral deflection of the plate at the crest of a
buckle. The value of # may be taken from equation (A19)
of reference 4. An appropriate value for the rotational stiff-

ness ~ ~ a~ 3 & In order to aspressm this equation is —=
f D,

formula (10) as a rivet-strmgt~ criterion, the value of lateral
deflection must be known or assumed. Figure 3 of reference
21 indicates that, for an idealized H-section column, maxi-
mum load is reached before the lateral deflection is one-~th
of the column (or plate) thickness provided the buckling
stress is at least half of the compressive yield stress of tlm
column material. @or panels which buckle early a value
larger than one-fifth should be used.) If this value is mod
in formula (10), the required tensile strength for a rivet
becomes

The tensile strength of a rivet is deEned as the load required
to cause any failure; it may be the load required to break tho
shank but more often it is the load required to pull the
countemunk head through the plate or, when the stiifener
gage is small, to pull the rivet head through the stiffener.

Reference 22 gives the strength of protruding-head rivets.
Reference 23 gives strength data on NACA countersunk and
conventional countersunk rivets. Additional rivet-strength
data can be found in references 24 and 14.

Expression (11) gives the tensile strength of the attach-
ment rivets that is required in order that the predicted
strength of the panel in the wrinkling mode can be achieved.
Obviously, when the panel fails in the local mode, expression
(11) does not apply. The available data indicate that for
this case the rivet strength need not be any greater than
that required when failure is in the wrinkhng mode and tho
stress levels at failure in the two modes are equal.

EXPEMMEN’I’AL VERIMCATION

The data presented in this section have already been used
to establish the empirical factors in the analysis presented
earlier and will now be compared with the analysis to aswess
its validity. The data were taken, in large part, from pub-
lished ~ACA panel data obtained from panels which were
five bays wide (6 stringers) and had a slenderness ratio L/p
of 20. The ends of the panels were ground flat and parallel
in a special grinder prior to iwting and the panels were tested
flat-ended in a hydraulic testing machine. A large amount
of wrhkhng data is available on panels made from 2024-T3
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RG~E 10.—The strength of 2024-T3 aluminum-alloy Z-stiffened panels in the local mode. bpibm= 0.40.

(previously designated 24S-T3) aluminum alloy. The num-
ber of tests on panels which failed in the wrinkling mode and
which were made from 7075-T6 aluminum alloy is much
smaller for two reasons: (1) The investigation on the effect
of riveting on panel strength was made on 2024-T3 alumi-
num-alloy panels first and later on 7075-T6 aluminum-alloy
panels. The knowledge gained horn the early experiments
could be applied to the later tests and thereby reduce the

number of tests required. (2) The tests on 7075-T6 alu-
minum-alloy panels were made on panels with extruded
stringem with small fillets so the rivet line could be moved
in close to the web of the stiffener and thereby prevent the
wrinkhng type of failure. In order to relievo the shortage
of data on 7075-T6 ah.winum-alloy panels, a series of pond
tests were made in the present investigation and are reported
herein.
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Data on panels with riveting which do not satisfy the cri-
teria of repressions (9) and (11) and the additional criterion
that the ratio p/d must be lws than 15 will not be given in
the presentation which follows. The latter criterion is iu-
cluded because available data on panels for which the failure
wcs definitely minkling were considered to be inadequate to
establish design curves for these high values of p/d. The
restriction on panel design imposed by thk criterion, however,
is not considered to be severe because contemporary design
rarely allows such large rivet pitches.

Z02i-~ ALUMINUM-ALLOYPANEK3

The data of references 10, 16, and 17 are shown in f@res
11, 12, nnd 13, respectively, where the average stress in the
panel at failure ~~ is plotted against the rivet parameter p/d.
The data of reference 16 for panels with a &/tg greater than 50
me not given because it is relatively easy to rivet such panels
so that tbe panel will fail in the local mode. IVACA counter-
sunk rivets were used to assemble the panels. Other perti-
~ent dimensions are given in the figures. The data plot
ngainst the prwameter p/d with a small amount of scatter.

This characteristic is responsible for tie me of the ~pmam-

cter on the j-chart of figure 8.
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The curves in figures 11 to 13 represent predicted panel
strengths. The wrinklbg section of the curves was obtained
with the use of figures 8 and 9. For the panels represented
by the data in figure 13, where the stringers are relatively
unstable, the crippling strength of the stringers was required
to obtain the panel strength in the wridling mode. The
stringer crippling strength was taken from reference 25; the
data were extrapolated when it was necesaw. The curves
predict the trend as well as the magnitude of the data within
the accuracy of the panel tests: experience in tinting panels
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indicates that strength tests on two nomimdly identical
panels usually give strengths which diiler by less than 5
percent from the average strength although ditlerences as
great as 10 percent have been obtained. The wridding
curves miss the middle of the scatter band of the data in
some instances by about 5 percent. It is believed that such
discrepancies are largely a result of neglecting the difference
in material properties and panel parameters (particularly
&Jtw) between one group of panels and another. The panels
represented by the data of figures 12 and 13 were built in
groups similar to the grouping used in the presentation of
the data and are therefore particularly susceptible to eqrors
common to a group of data. These diflerenw were neg-
lected in the presentation of the data because of the result-
ing simplicity and because only nominal values of the rivet
offset b. were known.

The local-mode section of the curves in figures 11 to 13
was obtained from iigure 10 for the panel proportions cov-

d, in
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FICJUEE12.-Comparkwn of calculated and experimental failing
st~ of 2024-T3 Z4iiened panels of reference 16 for four
values of b& at two values of tw/ts. b#r=20; bO/tr=5.6;
tm=0.064 in.

ered by the @ure. The local strength of the panels with a
b#W of 25 and 50 which are not covered by figure 10 were
obtained by interpolation and extrapolation of the datn from
figure 10 by using the present data aa a guide. A study of
iigures 11 to 13 indicates that the strength of a panel in tho
local mode becomes increasingly ditikndt to attain as tJJt~

isincreased or as bB/&is decreased. Accordingly, the closest
riveting used in the investigation @/d= 3.0) waa just ado-
quate to attain the strength in the local mode of tl.m ponds
of @e 11 with a thickness ratio tm/&= 1.00 and was
inadequate to attain the local strength of the panda with
tw/&=,l.25. For panels with much smaller values of bJ&
than were used in figure 11, it would be impomible to rivwt
the panels so that the local strength is obtained without the
use of smaller values of the rivet offset bo.

Some test data from reference 26 on panels with lmt-
section stiileners are given in figure 14. The averago stress
in the panel at failure ;, is plotted against bg/&whero 2b8
is the distance between similar locations on two adjacent
hat stiffeners. Only data for the thickness ratio tJ&=O.3g
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me shown because they are considered to be su.fikient to
establish the concept that for panels with unequal stiffener
spacings an average spacing can be used for predicting the
maximum load of the panel in the wrinklbg mode of failure.
The particular thickness ratio tW/tg=O.39 was chosen rather
than some other because the panels with other thickness
ratios had stiffer attachments between the hat-section stiff-
eners and the plate so that most of these panels failed in
the local mode rather than in the wrinkhg mode. The
data for panels with elements having a width-thiclmew ratio
ZJ/tgrmter than 60 have not been shown.

The calculated curves in figure 14 are bised on an average
meixmred value of bJtW rather than the nominal value.

7ct7E-T6ALUNINUM-ALLOY p~

The data of table I are shown in figure 15 where the average
stress in the pamel at failure is plotted against the parameter

“~. The predicted panel strengths are indicated by the
Mb
curves and agree with the test data within the accnracy oj
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the data. The shaded test points represent panels which

had stringers with a value of ~ of 6.0. Since the stringers

had a value of ~ of 20, these stringers had a value of ~ of

0.30. These points all appear I@h on the figure and indi-
cate that the attachment between the stringer and the plate
was actually st~er than figure 8 indicates. It is not lmown
whether the test loads were l@gh because r~tw was large or
whether it was because rJZJWwas large or both. Inasmuch
as the chart gives conservative predictions in this range, the
uncertainty is not serious.

DISCUSSION OF RESULTS

A method has been developed whereby the strength of
paels is related to the desigg of the attachment between
the plate and the sti.fbner. The method makes use of an
experimentally determined effective rivet offset j which is
m important dimension in the determination of the strength
of panels. The importance of this dimension as well as
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other panel dimensions on the strength of panels can be
redly seen horn the equation

This equation gives the strength of a plate in the wrinklhg
mode and is equivalent to the chart of figure 9. It is seen
that the frding stress of the plate is approximately inversely
proportional to fls. Equation (12) has been used to &i-
mate the strength of compression panels covering a wide
range of the structural parameters .tW/&,bs/ts,and b#w and
was found to give satisfactory correlation with test results.

The ~-chart of figure 8 was constructed from data of tests
on 2024–T3 and 7075-T6 aluminum-alloy panels and multi-
web berms which were assembled with 2117–T3 (previously
designated A17S-T3) aluminum-alloy rivets. Siice the
rivet stiffness is a contributing factor in the determination of
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FIGURE 13.—Comparison of calculated and esperimentd failing
stresses of 2024-T3 Z-stiffened panels of reference 17 for four
VdUt13 Of britr and two VdUeS of tw/ts.b~t8=25; bo/tw=5.6;
tw=O.064 in.

the effective rivet offset j, changes in rivet matericd can bo
expected to make corresponding changes in j which would
show up in a panel test as a change in panel strmgth.
Reference 14, however, indicates that very little increase in
panel strength can be expected from the use of rivet
materials with a higher modulus of elasticity and strmgth
than those of2117–T3 aluminum alloy but reports on panels
with one rivet material (FS-1 magnesium) which had a
smaller modulus of elasticity and strength and which failed
at loads that were consistently less than those of tho panels
with 2117–T3 aluminum-alloy rivets. Similarly, referenco
14 reports on panels with blind-type Cherry rivets (~T 463)
which failed at loads less than those of the panels with
2117–T3 aluminum-alloy rivets. Figure 8 should be used
with caution, therefore, for rivet materials whom modulus
of elasticity and strength are less than those of 2117–T3
aluminum alloy when used with aluminum-alloy sheet.
The panels of reference 14 that were assembled with 11OO-F
(previously designated 2S-F) aluminum-alloy rivets do not
satisfy the strength criterion of expression (11) and their low
strengths are attributed to the low tensile strength of tho
rivets.
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Frequently panels are assembled by using extruded
stringers which have a right-angle exterior corner between the
web and the attachment flange. The use of such stringers
usually eliminates the wrinkhng mode except for very
unusual proportions for two main rea80ns: (1) The small
fillet between the web and the flange of the stringer allows
the rivet to be moved in close to the web so that the rivet
offset b. is reduced and as a consequence is also reduced and
(2) the reflectional stitlness of such a stringer is greater than
that of a bent-up stringer of similar proportions with the
same rivet offset because of the large stiffness when the plate
buckles toward the stringer. For thie case, the stiffness
may be more nearly that of the web rather than that of the
cantilevered fkmge because the plate can bear directly on
the web. The effective stifbess which determines the rivet
offset j ie some combination of this stiffness and the stiflnesa
for the case when the plate buckles away horn the stringer
as shown in reference 4. The number of available tests are
insticient to establish a chart such as figure 8 for extruded
stringers. These tests (from refs. 14, 19, and 20) indicate
that figure 8 can be used to obtain Q conservative estimate
of the effective rivet offset. Exprewions (9) and (11) for
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Fmxnm 13.—Ckmcluded.

the required pitch and strength of rivets can also be used.
Previous investigations of the effect of riveting on the

strength of panels of which reference 14 is the most recent
have developed a rivet criterion whereby the strength of a
panel with a given riveting (given pitch and diameter) is
ralated to the strength of a similar but strongly riveted panel
(panel which reaches its potential strength) by a master
curve. The master curve is based on the 10WWlimit of test
data from panels of various configurations that were con-
structed of 2024-T3 and 7075-T6 aluminum alloy and were
assembled with rivets of various materials. The present
investigation has made a more detailed study of the data for
panels with the smaller rivet pitches-the data on panels
with p/d greater than 15 aa well as the data on panels which
developed interrivet buckling have not been analyzed.
With this restrictive scope and the help of recently developed
procedures of str- analysis, it was possible to make more
accurate correlation of the strength of these panels with the
riveting used to assemble the panels. For instance, the
prment investigation utilizes the concept that, after a certain
critical value of j/t~ has been reached by decreasing the rivet
pitch and/or offset and/or increasing rivet diameter, little

49 U876-D7-1O



128

Eo-

40 -

30 -

3
~

b

20 -

10 -

REPORT 125.-NATIONAL ADVISORY COMMITI?EE FOR AERONAITIWS

CI0.6
008
0 1.0
A 1.2

(a)
1 I I I I I

o

eo-

40 -

30 -
-iJ

~

b

20 -

10 -

(b)
I I I I I [

0

](c) I I I I I I
0 10 20 30 40 !50 m

%
~

(a) b~/t~=19.

(b) blF/tm=29.

(C) b#m=39.

FrQumI 14.-C!emparison of calculated and esperimentd failing “
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or no additional gain in panel strength can be expeeted by
further changes in rivet pitch, diameter, and offset. Ttis
critical value of j/tW is diilerent for different panel con.figura-’
tions. It is more difficult to achieve when the thiclmes-s
ratio t#s is large or when the parameter &/& is small and in.
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FIGmm 15.—timparieon of calculated and experimental fni]ing
stresses of 7075-T6 Z-stiffened panels of table I. Tho shndcd
points represent panels whioh had stringers with r4/~W= 6.0.

extxeme eases maybe impossible to achieve in riveted panels.
The present investigation also makes use of the fact that
variations in pamil strength for a given change in riveting
can be much greater for 7075-T6 rdumimnn-alloy panels
than for 2024-T3 aluminum-alloy panels because plasticity
may play a much smaller part in determiningg the strength
of the 7075-T6 aluminum-alloy panels.

CONCLUSIONS

A method of strength analysis of short compression panels
has been presented which rdates the panel strength to tho
pitch, diameter, and location of the rivets used to assemble
the panel. A large number of panels have been analyzed
with this method. These panels covered a wide range of
panel configurations. They had elements with aspect ratios
13/twhich ranged from 20 to 50 and were assembled with
rivets which had pitch-diameter ratios p/d of from 3 to 16.
Both 2024-T3 and 7075-T6 aluminum-alloy panels were
considered. The following conclusions cm be made from
these studies:

1. Panel strength is highly influenced by variations in
rivet pitch, diameter, and location.

2. Favorable variations in the pitoh, diameter, and locn-
tion of rivets for a given panel results in incren-sed prmcd
strength until the riveting is adequate to force failure in the
local mode; further variations in riveting will produco
negligible increases in panel strength.

3. The minimum riveting specifications that will forco the
panel to fail in the locnl mode depend on the panel configura-
tion and on the panel material.

LANGLEY AERONAU~CAL LABORATORY,
NATIONAL ADVISORY COMMITTEE FOR AERONAUTIC,

LANGLEY FIELD, VA., January 17, 1966.



APPENDIX

NUMERICAL

The use of the design charts and design procedures set
forth in the body of the report are exemplified by analyzing
rLshort, 2024-T3 aluminum-alloy, Z-stiffened, compression
panel which is similar to the one shown in figure 2 and has
tho following dimensions and structural parametem:

t~=o.064 in. b#nr=40.O I
t3=o.lo2 in. bF/bW=0.40

I
tw/k=O.63 b~/tv=8.0 I

b8/&=30.0 bo/tW=6.0

The panel is assembledwith 3/32-inch, brazier-head (AN 456),
2117-T3 aluminum-alloy rivets spaced at 1 inch. The
rivets have the manufacturer’s head on the plate side and
n shop-driven head on the stiffener side. Young’s modulus
of elasticity E’ ia assumed to be 10,600 ksi and Poisson’s
ratio p is taken as 0.32.

Additional parametam and information that em be ob-
tained after the panel proportions are given and which will
be useful in the analysis which follows are the parameters P
and p/d, the area of a stringer Az, and corresponding area of
plate b~, the Iocrd crippling stress of a stringer UzCtiP,~d
~ho strength of the panel in the local mode FfatiP. These pa-
rameters me as follows:

hvhv 40.0 ~.33

‘= b.#. 30.0
—=—=

—=10.7Plb;j:;

* _tw2 bw ~b~ ; b~ bw
z—

( )
—— =(0.064)’ [40.0+ 8.0+0.40 (40.0)]tw tw bwtw

=0.282 in.f

b.&=~ t~z=30.0(0.102)*=0.312 in.a

Uzaf2=27.5 ksi (ref. 25)

~rafp=31.6 ksi @g. 10)

When p/d and bo/tvare given, fj!~ canbe read from figure 8
as

f/tW=6.98

The value of j/bv is computed as follows:
I

~_ fl%’ 6“98 0175_—=z
bw b#w 40.0 “ I

EXAMPLE .

From iigure 6,
k.,=2.38 (wrinkling)

kOr=2.45 (local buckling, extrapolated)

The panel should wrinkle at (see formula (3))

U0,/V=25.6 ksi

and since the plasticity factor for 2024-T3 aluminum alloy
is unity at this strew

UC,=25.5 til

From figure 9

kM=3.64
and v~lq is computed WI

UM/q=39.2

With the use of a curve for u against u/q for 2024-T3 alumi-
num alloy with a compressive yield sties (0.2-percent offset
stress) of 43.6 ksi, the plate failing stress is found to be

0-M=34.1 ksi

Since UM is greatm than the local crippling stress of the
stringer found earlier, the load that the panel will carry in
the wrinkhng mode is determined by adding the loads car-
ried by the stringem and the plate. The average stress in
the panel is the panel load divided by the panel area; that is,

UMb~tg+azfli2A~=34.1(0.312)+27.5(0.262)=31 ~ hi;F
bsts+Az 0.312+0.262

.

The stress ;f is less than FrC,{Pfound earlier so the panel

should fail by wrinkbg provided the criteria on rivet pitch
and strength are met. By expression (9), the maximum
allowable rivet pitch pa is given as

pa=o.90c& (30.0)(0.102)=2.04 in.

The actual rivet pitch of 1.00 inch is therefore small enough
to prevent interrivet buckling. The allowable rivet strength
is (expression (11))

[
3(6”98)+4 ~(1.00)=o.239 kips

‘~=[l~~~~2)2J (6.;8)’ 3(6.98)+160 1
The load required to break the shank of a %-inch rivet
based upon an allowablo str- of 57.0 ksi is 0.394 kips.
Reference 22 shows that the rivet in question will shear its
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bend at 68 percent of the load required to break the shank;
therefore,

R= O.6S(0.394)=0.26S kipS

which is adequate rivet strength. The predicted buckling
nnd failing stresses are those given previously.
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